Crystalline surface-anchored metal organic framework (SURMOF) thin films made from porphyrin-based organic linkers have recently been used in both photon upconversion and photovoltaic applications.
Introduction
The photophysics of ordered porphyrin arrays has been a topic of longstanding interest, prompted by their use as analogues of natural light-harvesting systems [1] [2] [3] as well as in photoconductive and photovoltaic device structures. 4 Also, exciting early work established the ability of the ordered columnar structures of porphyrin chromophores -formed either in a liquid-crystal or solid phase -to efficiently conduct charges. This transport is brought about by electron hopping between molecules and was first observed by time-resolved microwave conductivity (TRMC) after excitation with ionizing radiation (3 MeV electrons). 5 Since then, a wide variety of optoelectronic devices have been demonstrated using porphyrins, which range from memory devices based on photoinduced charge trapping, 6 to nanowire photoconductors 7, 8 and dye-sensitized solar cells. 9, 10 With regard to the latter, significant study has gone into understanding the nature of charge generation in films of porphyrins deposited on titanium dioxide (TiO 2 ). 11, 12 In the case of sensitized TiO 2 films, charge separation was proposed to proceed by splitting of an exciton at the porphyrin:TiO 2 interface, yielding a charge transfer to the metal oxide. 13 When the thickness of the porphyrin films becomes larger than a monolayer, the exciton transport to the interface becomes the rate-limiting step for charge generation in such systems. Based on this knowledge, device efficiency could be enhanced by improving exciton transport; for example by better ordering of the porphyrins, 12, 14, 15 or by utilizing the longerliving triplet exciton (rather than the singlet exciton) to transfer energy to the interface. 16, 17 In order to further develop the utility of porphyrin-based materials, several groups began to study their introduction into crystalline coordination networks -both metal-organic frameworks (MOFs) 18, 19 and covalent organic frameworks (COFs). 20 Within the well-defined crystal structures provided by such networks, the transport properties for excitons and charges can be engineered by controlling the chromophore positions and orientations within the unit cell. 21 Furthermore, the mobility of hole versus electron transport could be controlled in a COF by changing the metalation of the porphyrin molecule. 20 Recently, porphyrin molecules have also been used in surface-anchored metal-organic framework (SURMOF) structures that exhibited photovoltaic action, either with a liquid 22, 23 or solid-state electrolyte. 24 Further results demonstrated that porphyrin SURMOFs can be effective sensitizers in solid-state triplet-triplet annihilation-based photon upconversion (TTA-UC) systems. 25, 26 While these results highlight the potential of porphyrinbased SURMOFs, the photostability of these molecules is a known concern with respect to their application in other fields, an example being the use as photosensitizers in photodynamic therapy. [27] [28] [29] Chlorins and bacteriochlorins are stable products of light-induced reactions of porphyrins. [30] [31] [32] As understanding the photostability of organic materials is a relevant factor for solar energy harvesting applications, we here examine in detail the changes caused by prolonged illumination of PdP SURMOF thin films. To this end we combine steady-state photoluminescence (PL) and transient absorption spectroscopy (TAS) to study the exciton dynamics of these systems. Additionally, as photoexcitation leads to the generation of triplet excitons, which are paramagnetic and non-thermalised at the point of generation, the dynamics can be traced with transient electron paramagnetic resonance (trEPR) spectroscopy. The combination of results allows us to conclude that prolonged illumination creates sites in the crystalline SURMOF at which triplet excitons are efficiently split, yielding radicals. From these results we can establish a photophysical population model of the radical generation in phototreated PdP SURMOFs.
Results and discussion
The SURMOF material used in this study is based on the established SURMOF-2 structure 22, 33 and was fabricated using a spraying technique. 34 In this particular SURMOF, zinc (Zn) paddlewheel nodes are coordinated to 4 ditopic organic linkers (5,15-bis(4carboxyphenyl)-10,20-diphenylporphyrinato) palladium(II) (PdP). Detailed structural information regarding this compound can be found in the literature. 25 Briefly, the porphyrin linkers are coordinated through the Zn paddlewheel nodes to form 2D sheets with a square unit cell of 2.5 nm. These sheets stand perpendicular to the substrate and are separated from adjacent sheets by 0.6 nm (for a schematic drawing see Fig. S12 , ESI †). The close inter-sheet distance results in a good p-orbital overlap between adjacent porphyrins.
A number of photo-initiated reactions of porphyrins are known, some which proceed even in the absence of oxygen, such as the production of phlorin and chlorin. [30] [31] [32] In the following, we establish how PdP SURMOFs respond to prolonged illumination in oxygen-poor environments (all measurements were performed under dynamic vacuum) and how the photoproducts created by prolonged illumination affect the photophysics of the thin films.
In Fig. 1 we compare the photophysics, examined via TAS and steady-state PL, of both pristine films and films that have been exposed to prolonged illumination. In the pristine sample only a single excited-state population can be observed. The spectra at different times (see Fig. S10 , ESI †) do not evolve and can be described by the decay of a single spectrum, thus only a single long-lived excited-state species is created after photoexcitation of the sample. As the Pd-porphyrin is known for its high intersystem crossing yield close to unity 35 we identify this excited-state species with triplet excitons on the porphyrin molecules. Singlet excitons cannot be observed here due to their lifetime being on the picosecond timescale. 22 After prolonged illumination, the photophysics significantly changes and reveals (E) TAS spectra integrated over the time region between 100 ns and 300 ns. The sample was kept under dynamic vacuum (o10 4 Pa) at room temperature and continuously excited with the pulsed 532 nm pump laser at 120 mJ cm 2 (500 Hz repetition rate). The shown TAS spectra were taken at a 66 minutes interval. (F) Absorbance spectra of a PdP SURMOF thin film before and after several hours of continuous illumination with a 405 nm CW source at 0.1 W cm 2 under dynamic vacuum (o10 4 Pa) at room temperature. that two excited-state populations become present. We will now discuss the changes in TAS and steady-state PL results caused by prolonged illumination.
The TAS surfaces of a pristine sample and the same sample after it has been exposed to 15.4 hours of illumination from the 532 nm pulsed laser source (120 mJ cm À2 pulse energy, 800 ps pulse length, and 500 Hz repetition rate) are shown in Fig. 1A and B, respectively. Although the sample was held under dynamic vacuum (o10 À4 mbar), the TAS surfaces before and after the prolonged illumination are significantly different. The clearest difference between the pristine and post-illumination TAS results is the appearance of a positive (absorption bleach) signal in the 605-620 nm region that appears as the sample is illuminated for prolonged periods. Fig. 1C compares the integrated TAS signal in two wavelength regions -the bleach-region from 605-620 nm and a region unaffected by illumination from 450-500 nm -as a function of time for the pristine and illuminated samples. In the pristine sample, there is a photoinduced absorption (PIA) in both regions that decays to zero with the same time constant. This is expected, as all dynamics in this pristine sample track the triplet exciton population; it is the only excited-state population created. After illumination clearly more than one excited-state is created, as the initially observed photoinduced absorption (negative TAS signal) crosses zero into a positive absorption (ground-state bleach, GSB) after roughly 100 ns. Such a zero crossing can be explained only by the existence of more than one excited state population. The absolute values of the normalized TAS kinetics for times 41 ms are given in Fig. 1D and highlight that the signals decay identically in both regions. This will be discussed in more detail below, but first we want to establish the nature of the emerging population.
The spectrum of the absorption bleach gives a clue as to the nature of the degradation product created by extended illumination. We observe that the maximum bleach in the 605-620 nm region occurs between 100 and 300 ns after excitation ( Fig. 1B) . Therefore, to monitor the creation of the photoproduct, we plot the TAS spectra (integrated in a delay time from 100-300 ns) at increasing illumination times ( Fig. 1E ). As the illumination time increases, there is a clear increase in the GSB in the 605-620 nm region. This indicates that the product of the photoreaction caused by prolonged illumination has a ground state absorption band in the region of 605-620 nm, which we can confirm by observing the illumination-induced changes in the absorption spectrum ( Fig. 1F , for the full spectrum see Fig. S14 in the ESI †).
This, along with further evidence from PL-spectroscopy shown below, suggests chlorin as a probable candidate for the product of the photoreaction. The absorption of Pd-chlorin features a maximum around 612 nm, which is in good agreement with the GSB observed in TAS. 30 The Pd-porphyrin can undergo a photolytic reaction that leads to the reduction of one double bond in the porphyrin macrocycle and thus creates a stable product Pd-chlorin. 30 This reaction requires a proton source and we suggest that residual solvent (ethanol) or water could play this role. It is known that water molecules form hydrogen bonds to the axial positions of the paddle-wheel 36 and are therefore difficult to remove even under the dynamic vacuum conditions in the TAS and PL measurements. Another hypothesis is that traces of residual ethanol can be directly photo-oxidized to acetaldehyde by porphyrin and, in the absence of oxygen, the hydrogen atoms could reduce the porphyrin, yielding chlorin.
Another indicator for the creation of chlorin can be found when we plot the PL spectrum as a function of illumination time for a PdP SURMOF film (see Fig. 2A ). In this case, the pristine film was also kept under dynamic vacuum (o10 À4 mbar) and then illuminated with an intense CW laser (525 nm, 5.6 W cm À2 ). The 610 nm peak, coming from the small amount of singlet emission in the PdP before intersystem crossing, remains unchanged by the illumination. However, the phosphorescence peaks from the PdP triplet around 700 and 800 nm are strongly reduced as the sample is illuminated. Furthermore, the emission at wavelengths longer than 800 nm actually increases upon prolonged illumination. We note that the PL spectrum of Pd-chlorin has -relative to the Pd-porphyrin -a reduced intensity in the porphyrin phosphorescence region whereas it has an increased intensity above 850 nm. 37 Thus, the observations of the in situ photoreaction of PdP using TAS and PL spectroscopy are consistent, and both point to the formation of Pd-chlorin as the photoproduct. Nonetheless, for generality we will refer to the molecules created by extended illumination as the ''photoproduct'' in the rest of the manuscript.
Before investigating in detail the influence of the photoproduct ''dopants'' within the PdP SURMOF on its photophysics, we first examine the rate at which the photoproducts are created. In Fig. 2B -D we present the relative change in the TAS bleach signal between 605 and 620 nm and the relative change in the PdP phosphorescence as a function of the total number of absorbed photons in a given sample volume, n. The phosphorescence measurement was performed at a high excitation power density (5.6 W cm À2 , 525 nm CW; see Fig. 2C ) and a much lower excitation power density (0.1 W cm À2 , 405 nm CW, see Fig. 2D ). The increase of the photoproduct absorption bleach in the TAS, and the decrease of the PdP PL in both excitation power density regimes follow a very similar trend with respect to the total absorbed photon number per volume (despite the fact that the excitation sources differ in CW/pulsed power density). These data allow us to conclude that the degradation process is independent of the photon energy or power density and instead the number of absorbed photons is the critical factor determining the extent of the photoreaction, which likely occurs when the PdP is in the long-lived triplet excited-state. 38 The observed change for the TAS and the PL decrease until 6 Â 10 26 cm À3 absorbed photons (corresponding to 30 minutes in the high and 22 hours in the low power density regime) can be described empirically as proportional to exp( n/n) with n = (1.53 AE 0.01) Â 10 26 cm À3 . Here n is the photon dose required for the fast component of the photoreaction to reach 1/e of its final progress. To put this in perspective, this corresponds to around 50 hours under solar irradiation (under AM1.5 conditions and considering the visible absorption spectrum of a 0.2 mm thick PdP SURMOF). The PL continues to degrade after 30 minutes under 5.6 W cm À2 excitation, but at a much slower rate (reducing by a further factor of 2 after 32 hours of illumination, as can be seen in Fig. 2A ).
Having established that a photoproduct is created, and the absorbed photon density necessary for its significant creation, we now return to studying the influence that the photoproduct has on the photophysics of the sample. We recall that the data presented in Fig. 1 established that the photoproduct leads to a second excited-state. In the following section we use trEPR measurements, to establish the nature of this second photoexcited state created in the illuminated PdP SURMOF. The advantage of trEPR is that it is, different from conventional EPR, very sensitive to short-lived paramagnetic states as they are predicted from the above studies. Such transient states are often associated with emissive and absorptive features in the EPR spectrum reflecting non-equilibrium spin populations. 39 We investigate the EPR spectra of a heavily photoreacted thin film PdP SURMOF (accumulated exposure on the order of 1 Â 10 27 photons per cm 3 ) in the X band (9.6 GHz) and Q band (34 GHz) . Long measurement times under constant illumination prevented us from investigating pristine PdP SURMOFs with this method. However, we used a solution of (5,10,5,20tetraphenylporphyrinato)palladium(II) (PdTPP) in toluene as a reference.
Selected EPR spectra along with model fits derived from modelled spin systems 40 are shown in Fig. 3A-B (PdTPP) and Fig. 3C and D (PdP SURMOF). The simulation parameters are given in Table 1 (full spectra of each measurement and fits to the thermalized spin states are available in the ESI †). The reference PdTPP solution spectrum has an eee/aaa (e = emissive, a = absorptive) pattern, consistent with a triplet excited state populated by intersystem crossing from a photoexcited singlet state. Fig. 3 PdTPP EPR spectra in the X band (A) and Q band (B), PdP SURMOF EPR spectra in the X band (C) and Q band (D). The samples were measured at 20 K with 532 nm photoexcitation. Simulated model spectra are shown in red. Measured spectra were derived by integrating the first 500 ns of data after the laser flash, then normalizing to unity. Simulations were performed as described in the text, with the fitting parameters given in Table 1 . (E) X band measurement of photoreacted PdP SURMOF, normalized tran sients for the radical pair and the emissive portion of the triplet signal, with the radical pair decay modelled as a first order exponential convolved with a Gaussian instrument response function, shown in grey. Transients crossing the zero line suggest driving by the microwave field and suggest that the true lifetimes are longer than those indicated here. The absorption and emission features represent microwavedriven transitions between different spin sub-levels of the triplet excited state, arranged in a powder pattern due to the random orientation of the molecules with respect to the direction of the external magnetic field. The spectrum also exhibits a pronounced half-field transition in the X-band measurement. Rapid intersystem crossing is induced by high spin-orbit coupling from the palladium atom in the porphyrin center and leads to a high yield of triplet excited states. 41, 42 The substantial spin-orbit coupling leads also to a large dipolar-coupling value D = 4460 MHz of the observed spin system. The model electron g-factor of 1.957 is strongly perturbed from the free electron value (g e = 2.002), also due to the palladium atom. In Fig. 3 , several changes between the reference spectra ( Fig. 3A  and B ) and those of the illuminated PdP SURMOF (Fig. 3C and D) are observed. Firstly, for the illuminated SURMOF, the width of the triplet exciton spectrum decreases by a factor of almost 5 (D = 914 MHz), while the g-value of 1.977 is shifted closer to g e . These findings suggest that the SURMOF triplet exciton is more spatially extended and less strongly associated with the palladium atom, compared to the triplet on the isolated PdTPP molecule.
Secondly, and the key finding in relation to establishing the nature of the second excited-state in the photoreacted SURMOF, in addition to a triplet spectrum, the PdP SURMOF trEPR measurements show a sharp emissive feature (see Fig. 3C , inset) which can be modelled as a spin-1/2 particle. This feature indicates the presence of photoexcited radical species. This feature is absent from the measurement of monomeric PdTPP, so its generation is linked to the photodegraded SURMOF environment. The emissive signal, indicative of a non-thermalized spin state population, supports the radical generation mechanism by excited state quenching, rather than by the generation of radicals by, for example, photodegradation. Different radical generation mechanisms are conceivable and cannot be distinguished based on the trEPR results. It is possible that spin-correlated radical pairs are formed upon dissociation of the photoexcited triplet excitons, but short lifetimes or fast spin-relaxation times preclude one radical from being observed in the trEPR spectrum. Alternatively, the generation of a spin-polarised radical in conjunction with the decay of the triplet excitons also provides a credible explanation for the emissive signal. The g-factor of the modelled radical pair, 1.999, is close to g e , and differs substantially from that of the underlying SURMOF triplet exciton, consistent with the radical pair occupying a different lattice position than the triplet. In the Q-band measurement, the radical pair signal is reproducibly less intense, relative to the triplet, than in the X-band. The reason for this difference is not clear yet.
The emergence of a radical signal is consistent with our suggestion of the photoproduct being chlorin. The lowest unoccupied molecular orbital (LUMO) energy levels of porphyrin, chlorin, and bacteriochlorin are nearly isoenergetic. 43 However, the highest occupied molecular orbital (HOMO) energy levels of chlorin and bacteriochlorin are higher than that of porphyrin. 43 Such an energy level alignment suggests that an excited-state on the porphyrin could undergo charge transfer at a porphyrinchlorin (or porphyrin-bacteriochlorin) interface with the hole transferring from the porphyrin to the chlorin or bacteriochlorin. This would be consistent with our observations, and we note that this is consistent with reports of the use of chlorin as a hole acceptor in porphyrin-containing arrays. 44 Having established that the second excited-state species is a radical pair, trEPR can also be used to make limited conclusions regarding the temporal evolution of the radical and triplet species in the SURMOF. A high microwave field was used during measurement to obtain a good signal-to-noise ratio, and this can drive the decay of spin polarization, obscuring the true dynamics. Similarly the 20 K sample temperature, also used to improve signals, is expected to change the measured lifetimes compared to room temperature measurements. However, the time-resolved data are nonetheless broadly consistent with the findings of the TAS and PL studies. The weaker radical signal and faster triplet thermalization in the Q-band measurement make modelling the radical decay difficult, so we focus our attention on the X-band data. Here, as shown in Fig. 3E , the radical and triplet signals rise concurrently, consistent with triplet-to-charge conversion taking place within the trEPR instrument response time of several hundred nanoseconds. Finally, the radical signal decay is wellmodelled as a first-order exponential process with a lifetime of 3.5 ms, which we will find below to be consistent with the radical population decay observed in TAS.
Having been established by trEPR that the excited state introduced by photoreaction of the PdP SURMOF is a radical state, we proceed to examine the question of how this radical state is formed. To this end we return to TAS and investigate in detail a heavily photoreacted thin film (4100 hours, accumulated exposure on the order of 10 28 photons cm À3 ).
In Fig. 4 we show the TAS kinetic traces as a function of delay time for a photoreacted PdP SURMOF in two wavelength ranges for several excitation fluences. The first wavelength range is where the signal is dominated by PIA of the PdP triplet exciton state (450-500 nm, Fig. 4A ). The second wavelength range is where the signal is influenced both by PIA of the PdP triplet exciton, and also by the GSB associated with a radical state on the photoproduct (605-620 nm, Fig. 4B ). As the initial excited-state density in the sample is increased by increasing the excitation fluence, the decay of the triplet population becomes faster. This establishes that even in the photoreacted sample, triplet-triplet annihilation (TTA) changes the rate at which PdP triplet excitons decay to the ground state at early time (o100 ns). In fact, the PdP triplet recombination kinetics (measured in the 450-500 nm wavelength range) are almost identical before and after extended illumination (see Fig. 1C ). This suggests that only a minor fraction of the PdP triplet population is quenched by charge transfer to the photoproduct, and the major recombination mechanism for PdP triplets remains TTA under the excitation conditions used for TAS. Fig. 4B displays the intensity dependence in the 605-620 nm region wherein the initial PIA from the PdP triplet population is overwhelmed by a net bleach as the triplet population is replaced by the radical population. As the radical pair state is comprised of a radical on a PdP and photoproduct molecule, we observe a bleach of the photoproduct absorption, described earlier in Fig. 1 . The TAS signals for the different fluences are normalized to the bleach maxima (which are reached around 200 ns after photoexcitation). In the time period before 200 ns, a fluence dependence of the signal can be observed that can be attributed to the higher yield of radical pair states when the TTA annihilation rate is not so high. The yield of radical pair state changes decreases by a factor of 5 as the excitation fluence increases by a factor of 56. In fact, the yield of the radical pair state scales with the square root of the excitation fluence, as can be seen by the dependence of the GSB maximum around 200 ns on excitation fluence (see the inset of Fig. 3B ). This again indicates that the radical pair states are created from the PdP triplet state, but the primary loss channel from the PdP state is TTA and only a small fraction of the PdP excited states form radical pairs.
Further support for the radical pair formation being a minor loss channel comes from a comparison of the decay dynamics of the PdP triplet and the radical pair state populations. In Fig. 1C TAS kinetics are compared for the PdP tripletdominated region (450-500 nm) and the region dominated by the photoproduct-GSB (605-620 nm), both in a pristine film and a film after prolonged illumination. The pre-and postillumination triplet kinetics are identical, suggesting that only a minor fraction of the PdP triplets form radical pairs. Furthermore, after around 5 ms, the radical pair signal decay exactly matches the decay of the PdP triplets (Fig. 1D ). All four kinetic traces in Fig. 1D can be fit with a monoexponential decay function with a lifetime of (3.7 AE 0.3) ms, which is in agreement with the radical population lifetime found by trEPR. However, this merely describes the effective lifetime of the triplet population from which the radical pairs are populated and should not be confused with the lifetime of a single radical pair itself.
The agreement of both population decays suggests that the radical lifetime is short compared to that of the PdP triplet.
The qualitative considerations made so far allow us to build a quantitative model to fit the observed TAS data. A graphical representation is shown in Fig. 5A . After photo-induced formation of a singlet exciton state (S), these excitons can either decay back to the ground state (GS) or perform intersystem crossing (ISC) into the triplet state (T). The mobile triplet population is emptied predominantly by TTA (monomolecular decay can be neglected altogether at these excitation fluences). However, a fraction of the diffusing triplet excitons will encounter an illumination-induced photoproduct site and form a radical pair state (R), which quickly recombines to the ground state. The rate equation describing the radical pair dynamics is given by
where T and R are the triplet and radical pair concentrations, respectively, k T-R is the rate at which triplets generate radical pairs and k R-GS is the inverse lifetime of the radical pairs. The equation can be solved analytically:
The triplet concentration is proportional to the TAS signal. The triplet-to-radical-pair rate k T-R acts as a scaling factor in the equation, as the relative cross-sections of the PdP triplets and radical pairs are unknown, the experimental data do not constrain k T-R and we cannot obtain absolute values for the radical pair concentration. However, using eqn (2) to fit the data does allow k R-GS to be precisely extracted and we thereby gain insights into the relative population dynamics.
We calculate the development of the relative radical pair population for three excitation fluences ( Fig. 5B ) and obtain from this the single-species spectra (see Fig. S9 in the ESI †) and a model of the TAS kinetics. A rate of k R-GS = 12.5 Â 10 6 s À1 (a lifetime of 80 ns) results in the best match between model and experimental data (shown exemplarily for the GSB-dominated wavelength region 605-620 nm in Fig. 5C ). Furthermore, we see in Fig. 5B that the relative yield of radical pairs (the maximum radical pair concentration divided by the maximum triplet concentration) increases as the excitation fluence is reduced. This is consistent with the 0.5 power-law scaling qualitatively observed, and caused by the fact that radical pair generation competes with TTA that is less dominant at lower excitation power densities.
Summary
We have investigated the photophysical effects of prolonged illumination on a surface-anchored metal-organic framework based on a palladium porphyrin linker. Based on monitoring the photoreaction in situ with TAS and steady-state PL measurements we present evidence that a photoproduct is formed, which is likely the respective Pd-chlorin. Comparing the creation of the photoproduct bleach in the TAS and the disappearance of the PdP phosphorescence we establish a rate for the creation of the photoproduct of 1.4 Â 10 27 photons per cm 3 .
Using trEPR we establish that the additional excited-state created in the photoreacted sample is a radical, and returning to TAS we find that radicals are created when the PdP triplet reaches a photoproduct molecule and an electron transfer takes place between the two molecules.
We find that the concentration of photoproduct sites in the SURMOF is insufficient to change the triplet exciton population dynamics significantly. The radicals are short-lived (80 ns lifetime) and their population closely follows the precursor triplet population.
Applications of PdP SURMOFs will benefit from our findings. On one hand, the photogeneration of radical pairs represents a loss channel for applications relying on large triplet exciton concentrations (such as TTA-UC) and needs to be addressed in the design process. On the other hand, the radicals could be a welcome product for photovoltaic application, given that an efficient charge transport pathway can be introduced.
Experimental section

Materials
Zinc acetate and ethanol were purchased from VWR and used as received. The PdP linker was synthesized starting from 5,15-bis((4 0 -methoxycarbonyl)phenyl)-10,20-diphenylporphyrin as described in the ESI. † 45
Sample preparation
The PdP SURMOFs were fabricated by spray coating using a zinc acetate solution in ethanol (1 mM L À1 ) and a PdP linker solution in ethanol (20 mM L À1 ). The zinc acetate solution was sprayed on the substrate (for 15 s), followed by a waiting time (35 s) and rinsing with pure ethanol (5 s). Then the linker solution was sprayed on top (25 s) followed by a waiting time (35 s) and rinsing with pure ethanol (5 s). These steps were repeated 15 or 30 times. The growth rate was previously determined to be around 16 nm per cycle. 25 The crystallinity of the thin film was ascertained by X-ray diffraction (XRD) characterization (Bruker D8 Advance).
Absorption spectroscopy
Absorption spectra were measured with a Perkin-Elmer Lambda 950 UV/vis/NIR spectrophotometer in the absorbance mode. The PdP linker solution was measured in the transmission mode with the cuvette placed in the beam path. The thin-film PdP SURMOF sample was measured inside an integrating sphere.
Transient absorption spectroscopy (TAS)
Nanosecond transient absorption spectroscopy (TAS) was performed with a custom-built pump-probe system. The output of a titanium:sapphire (Ti:Sa) femtosecond amplifier (SpectraPhysics Spitfire Pro XP, center wavelength 800 nm, repetition rate 1 kHz) was used to generate a white light continuum (probe beam) inside a sapphire crystal. The pump beam was generated from an oscillator/amplifier sub-nanosecond laser system (Innolas Picolo AOT 1 MOPA, center wavelength 532 nm, repetition rate 500 Hz, pulse width 800 ps). The pump laser was electronically triggered by the Ti:Sa amplifier, the pump-probe delay could be set by delaying this trigger signal using a digital delay generator (Stanford Research Systems DG535). To prevent triplet quenching by atmospheric oxygen, the sample was kept under dynamic vacuum with pressure less than 10 À4 Pa. After passing the sample, the probe beam was dispersed on a flint glass prism and detected at 1 kHz on a linear image sensor (Hamamatsu NMOS S3904-512Q). Each probe pulse from the laser was read out into computer software and adjacent readings were used to calculate the transient absorption data, DT/T (differential transmission).
Time-resolved photoluminescence spectroscopy
Time resolved photoluminescence (PL) spectroscopy was performed with the same excitation laser (532 nm) as used in the TAS measurements. The PL signal was detected with a streak camera (Hamamatsu Universal Streak Camera C10910-02 with slow single sweep unit M10913 and Acton SpectraPro SP2300 spectrometer). The sample was again kept under dynamic vacuum with pressures less than 10 À4 Pa.
Steady-state PL spectroscopy
The sample was excited with a 525 nm continuous wave (CW) laser diode (Roithner LaserTechnik LD-515-10MG, tuned to 525 nm) and the emission spectra were measured with a fibercoupled CCD spectrometer (Avantes AvaSpec ULS-RS-TEC). The sample was again kept under dynamic vacuum with pressures less than 10 À4 Pa.
Time-resolved EPR spectroscopy
A laboratory-built time-resolved electron paramagnetic resonance (trEPR) spectrometer was used to study photogenerated paramagnetic states generated in the PdP SURMOF, and in toluene solution containing 0.5 mM PdTPP. Measurements were carried out with X-band (9.6 GHz) and Q-band (34 GHz) microwave radiation. Deaerated samples were sealed in quartz capillary tubes under a helium atmosphere and placed in a microwave resonator (Bruker ER 4118X-MD5 for the X-band or a home-built Q-band cavity resonator, both equipped with an optical access window), housed inside a helium gas-flow cryostat cooled to 20 K. This was situated within the poles of an electromagnet. Optical excitation at l = 532 nm was provided by a diode-pumped Nd:YAG laser (Atum Laser Titan AC compact 15MM) equipped with a second harmonic generator (100 Hz repetition rate, 2 mJ pulse energy, spot size approximately 1 cm 2 , pulse length 5 ns). Time-traces showing microwave absorption and emission after laser excitation, spanning 20 ms (X-band) and 10 ms (Q-band), were recorded using a digital oscilloscope (LeCroy WaveRunner 104MXi) as a function of external magnetic field strength. Several EPR transients were accumulated for each fieldposition. The non-resonant background signal induced by the laser flash was recorded far from the resonant signal and subtracted from each EPR transient. The magnetic field axis was calibrated using a NMR Gaussmeter (Bruker ER 035M). The (constant) offset between the positions of the Gaussmeter and the sample was determined by a reference sample (nitrogen encapsulated in C60). One-dimensional spectra were produced by integrating the first 500 ns of the signal immediately following the laser flash. These were simulated using the powder pattern module ''pepper'' from the simulation toolbox Easyspin 46 for Matlab. The spin systems were fitted to the X-and Q-band spectra simultaneously.
MALDI-ToF
MALDI-ToF/ToF-MS experiments were carried out using a 4800 Plus MALDI-ToF/ToF mass spectrometer (Applied Biosystems/ MDS SCIEX, Foster City, CA, USA) equipped with a Nd:YAG pulsed laser (355 nm wavelength of o500 ps pulse and 200 Hz repetition rate). The 4000 Series Explorer software (V 3.5.3, Build 1017, 2007, Foster City, CA, USA) and the Data Explorer software (V 4.9, Build 115, 2007, Foster City, CA, USA) were used for analysis. Data acquisition was performed in the reflector positive ion mode. Each mass spectrum obtained was an average of 500 laser shots over the whole spot.
X-ray diffraction
The XRD measurements in out-of-plane geometry (co-planar orientation) were carried out using a Bruker D8-Advance diffractometer equipped with a position sensitive detector Lynxeye in y-y geometry. A variable divergence slit and 2.31 Soller-slit were used on the secondary side. A Cu-anode with Cu Ka 1,2radiation (l = 0.154018 nm) was used as the source.
